We present the structural ordering and the associated physical behavior of a Ni-Mn-Si Laves phase, Mn(Ni 0.6 Si 0.4 ) 2 . The high-resolution transmission electron microscopy and electron energy loss spectroscopy analysis were performed to resolve a distinct atomic ordering of the system. The study determined the origin of the short-range ordering to be the unique arrangement between Ni and Si atoms. The study also presents the atomic resolution mapping of the Si atoms which has never been reported by any previous studies. With further electrical conductivity measurement, we find one of the consequences of the unique ordering reflected in a semiconducting like temperature dependence of the compound.
Introduction
With more than 1400 reports of stable binary and ternary compound, Laves phase (also known as Friauf-Laves phases [1] [2] [3] ) contains the largest group of the intermetallic family. 4 From different types of Laves phase, one of the most technologically important groups are the silicon containing compound stabilizes a C14 type Laves phase structure. [5] [6] [7] [8] [9] Such modification has been a topic of great scientific interest as the resulting transition metal-silicon compound demonstrate superior magnetic, electronic, thermal and mechanical properties. 4, [9] [10] [11] [12] The stabilization is believed to be due to a reduction of effective electron concentration by absorption or localization of the transition metal electrons by silicon. 5, 9, 13 There has been very limited number of studies on the structural and physical properties of Laves phase containing Ni, Mn and Si. 12, 14, 15 Phase equilibria of the Ni-Mn-Si system suggested the phase to be stable within a wider homogeneity range of 26-30 atomic percent of Si, 31-35 atomic percent of Mn and balance Ni. 16, 17 A comprehensive study of structural and magnetic properties on Ni-Mn-Si Laves phase was performed by Yan et al. 12 where a Mn(Ni 0.625 Si 0.375 ) 2 composition was investigated. The system was found to be an antiferromagnet with a Néel temperature of 630 K, and the authors proposed a possible magnetic configuration for it. The study reported the preferential site occupations of Ni and Si in 2a and 6h where the two sites were found to facilitate the atoms in unconventional proportion. Such a distinct atomic arrangement is expected to give rise for some special atomic ordering in the system. The presence of short-range ordering in Laves phase systems is a very well known phenomenon that has been observed as diffused scattering in the diffraction intensity in many other studies. [18] [19] [20] [21] [22] [23] However, to the best of our knowledge, there has been no attempt to make a structural reconstruction of such ordering.
In this work, we conducted a study on the atomic ordering in the single crystal of the Laves phase with Mn(Ni 0.6 Si 0.4 ) 2 composition. High resolution transmission electron microscopy (HRTEM) and electron energy loss spectroscopy analysis (EELS) analysis was performed to determine the ordering of atoms within the crystal. Further transport property measurement was carried out which was found to be linked with the resolved atomic ordering. The slices were mechanically thinned down to the thickness of about 100 µm, using set of grinding papers and Struers LaboSystem. 3 mm diameter disks were spark cut form the slices and used for further preparation of the foils. The thinning of the discs was conducted with dimpler, Gatan 656, down to about 10 µm thickness using the diamond abrasive wheel lubricated by diamond paste.
Experimental details
The final thinning of the discs was conducted using ion beam polishing system Fischione 1010, at 78 K and 6 kV for ∼6 hours.
The electrical conductivity was measured on a single crystal sample with gauge dimensions 10 mm×4 mm×2 mm, between 1.8 K and 300 K, with the Keithley 2182A nanovoltmeter and 6221 current source, attached to the Quantum Design PPMS system. A four-point method of measuring potential drop across the sample was used to determine the sample resistance. The sample was mounted on a platform with a spring-loaded, point-contact potential and current leads.
The potential drop was measured in Delta mode as the average of 100 current reversals.
Results

Single crystal diffraction
The refined structural and the atomic parameters of Mn(Ni 0.6 Si 0.4 ) 2 compound are listed in table 1 and table 2, respectively. The parameters are found to be in good agreement with the previously published results on a slightly different composition MnNi 1.25 Si 0.75 Laves phase. 12 The crystal structure was solved in a MgZn 2 -type structure (C14 Laves phase) in the P 63/mmc spacegroup. with the atomic radius of 1.61Å). Also, in the ternary Laves system, the 2a and 6h occupancies were found to be distributed in a manner that the atoms with the highest concentration prefer to be in the 6h site which is Ni in the present case. 27 Analysis of the three-dimensional reciprocal space using MAX3D 24 revealed triangular-shape diffuse scattering pattern along a * b * planes, which is an indication of short-range ordering (SRO)
of atoms within the ab planes. In Mn(Ni 0.6 Si 0.4 ) 2 , Mn atoms occupy the 4f site and are expected to order periodically. Therefore, it can be assumed that Ni and Si atoms fill the remaining 2a and 6h positions in a unique short-range order that gives rise to the observed diffused diffraction pattern. 
Transmission electron microscopy analysis (HRTEM and EELS)
High-resolution HAADF-STEM image (Fig. 2) of the (0001) (Fig. 2) .
To identify the distribution of all elements, EELS maps were obtained in the boxed area of the Fig. 2 which are are shown in Figs. 3a-e. The Mn L signal (Fig. 3b) shows a homogenous distribution of the Mn atoms. The effective Mn-Mn distance was determined on the order of ∼2.6 a) Electrical conductivity measurement Figure 5 shows variation of the electrical conductivity with the temperature. The conductivity increases as the temperature increases which is a behaviour usually observed in semiconducting systems. A similar behavior of the electrical conductivity for Ni-Mn-Si Laves phase was reported by Yan et al. 12 . The authors linked this behaviour with the localization of conduction electron due to the disorder caused by Ni and Si occupancy. The present data was fitted to the same threedimensional temperature dependent electrical conductivity equation for localization,
The fitting yielded the temperature independent conductivity, σ 0 =198.07 Based on the analysis of the STEM and EELS observations (Sec. ), a representation of SRO structure of Mn(Ni 0.6 Si 0.4 ) 2 is shown in Fig.s 6 (a-c) . The Mn atoms order periodically with full occupation of the 4f site ( Fig. 6 (a) ). The unique SRO in the crystal is mainly attributed to the arrangement of Ni and Si in 2a sites that gives rise to several non-periodic units (Fig. 6 (b) ). These units consist of several small blocks which have Ni or Si 2a atoms as their centers. The 6h Ni and Si atoms are arranged depending on which block they belong to (Fig. 6 (c) Table 2 and, in Fig. 6 (b) can be justified. It is also evident that the system prefers to form heteronuclear Ni-Si bonds more than the homonuclear Ni-Ni or Si-Si bond.
The EELS analysis in (Sec. ) captured the atomic resolution mapping of Si in Fig. 3d which is a notable observation. To the best of our knowledge, no other previous studies were able to show such accurate mapping of Si atoms.
The electrical conductivity behavior observed in Fig. 5 can be considered as a consequence of the unique ordering of the Ni and Si atoms in Mn(Ni 0.6 Si 0.4 ) 2 . Despite a small range periodicity (Fig 6 b and c) , the absence of the long-range order is strong enough to destroy the periodic potential which is reflected in the electrical conductivity measurement.
Conclusions
We resolved the short-range atomic ordering and characterized physical properties of the Ni-Mn- The EELS analysis in this work was also able to produce the atomic resolution mapping of Si which has not been detected before by any other research. During further physical property characterization, the study also reported a semiconductor like temperature dependence of the electrical conductivity for the metallic Mn(Ni 0.6 Si 0.4 ) 2 which was associated with short-range ordering that caused localization of conducting electrons.
